In many watersheds, lakes and streams are hydrologically linked in spatial patterns that influence material transport and retention. We hypothesized that lakes affect stream nutrient cycling via modifications to stream hydrogeomorphology, source-waters, and biological communities. We tested this hypothesis in a lake district of the Sawtooth Mountains, Idaho. Uptake of NO { 3 and PO {3 4 was compared among 25 reaches representing the following landscape positions: lake inlets and outlets, reaches .1-km downstream from lakes, and reference reaches with no nearby lakes. We quantified landscape-scale hydrographic and reach-scale hydrogeomorphic, source-water, and biological variables to characterize these landscape positions and analyze relationships to nutrient uptake. Nitrate uptake was undetectable at most lake outlets, whereas PO {3 4 uptake was higher at outlets as compared to reference and lake inlet reaches. Patterns in nutrient demand farther downstream were similar to lake outlets with a gradual shift toward reference-reach functionality. Nitrate uptake was most correlated to sediment mobility and channel morphology, whereas PO {3 4 uptake was most correlated to source-water characteristics. The best integrated predictor of these patterns in nutrient demand was % contributing area (the proportion of watershed area not routing through a lake). We estimate that NO { 3 and PO
Fluvial nutrient cycling is an increasingly important research area because of concerns about nutrient loading and eutrophication of freshwater and coastal ecosystems (Alexander et al. 2000) . Research on fluvial nutrient cycling suggests that streams function importantly in retention and transformation, but this functionality varies with discharge Doyle 2005) , channel morphology and disturbance regimes (Valett et al. 2002; Bernhardt et al. 2003; Doyle et al. 2003) , upstream source-waters (Alexander et al. 2000; Wollheim et al. 2001; Cross et al. 2005) , and biological productivity Hall and Tank 2003; Wollheim et al. 2006) .
Broad goals of fluvial nutrient cycling research have been to understand landscape-scale patterns that can be used to model and predict nutrient transport in large watersheds and to identify locations of high nutrient loading and retention in order to better focus watershed management efforts (Alexander et al. 2000; Peterson et al. 2001 ). An example of a landscape-scale pattern in the fluvial nutrient cycle is the inverse relationship observed between stream size and inorganic N uptake Wollheim et al. 2001 ). Empirical research and modeling studies both suggest that low-order, headwater streams play a disproportionately large role in watershed nutrient retention and transformation, whereas larger middle-and high-order streams may function primarily as transport systems (Alexander et al. 2000; Peterson et al. 2001) . The mechanistic explanation for this landscape-scale pattern is that small streams have higher proportions of benthic substrate area relative to water flux and nutrient supply, and these substrates provide the habitat for algae and bacteria that remove nutrients from the water column Wollheim et al. 2001) . However, more recent research suggests that relationships between stream size and nutrient removal can vary with channel hydraulic and geomorphic conditions, upstream nutrient inputs, and biological activity, so that in certain drainage networks, large rivers function importantly in nutrient removal (Wollheim et al. 2006) .
Long-standing concepts from fluvial geomorphology (i.e., hydraulic geometry; Leopold and Maddock 1953) and aquatic ecology (i.e., the river continuum concept; Vannote et al. 1980 ) predict continuous downstream changes in hydraulics, geomorphology, stream metabolism, and biological communities. These downstream patterns relate to nutrient retention, as demonstrated in the before mentioned stream biogeochemical research (e.g., Alexander et al. 2000; Peterson et al. 2001; Wollheim et al. 2001; Wollheim et al. 2006 ). Incorporating such ideas with reach-based studies of nutrient uptake may identify patterns of stream biogeochemical continua of use for network models of nutrient cycling.
A complementary set of ideas to fluvial continuum concepts is the serial discontinuity concept ([SDC] sensu Ward and Stanford 1983) , which makes predictions of how human-created dams and reservoirs modify or reset the river continuum, and the process domain concept ([PDC] sensu Montgomery 1999) , which emphasizes the role of localized controls on stream habitat as related to sediment sources. Recent work has integrated the SDC and PDC by showing that because natural lakes function as sediment sinks they create abrupt transitions downstream in channel geometry and sediment mobility (Arp et al. 2007) . A larger body of work on ecological characteristics of streams below lakes also has demonstrated an abrupt transition in sourcewater characteristics (Magnuson and Kratz 2000) and biological processes (Robinson and Minshall 1990; Vadeboncoeur 1994; Marcarelli and Wurtsbaugh 2006) . Thus, it might be expected that fluvial discontinuities, such as lakes set in drainage networks, will affect nutrient cycling and retention for some distance downstream in lotic ecosystems. Accordingly, our goal was to understand if and to what extent lakes affect downstream biogeochemical continua and to use this understanding to improve concepts of fluvial nutrient cycling in stream networks. We hypothesized that lakes would effect stream nutrient uptake because of associated downstream discontinuities in channel geomorphology, upstream source-waters, and benthic biomass, and that these effects on nutrient uptake would gradually be reset downstream. Our work was conducted in the Sawtooth Mountains Lake District (SMLD) in Idaho, a mountain headwater region with many lakes.
Methods
Study sites-We analyzed 25 stream reaches located in eight watersheds of the SMLD (Fig. 1) . These study reaches were selected according to their position relative to lakes: (1) reference, located in lakeless watersheds or .1 km upstream of lakes; (2) lake inlets, located directly above lakes; (3) lake outlets, located directly below lakes; and (4) below-lake reaches, located .1-km downstream of a lake. In three of these watersheds, we studied 5-6 reaches spaced longitudinally along each stream (Fig. 2) , and in the other five watersheds, study reaches were located as paired inlets and outlets with reference reaches located at similar landscape positions (i.e., elevation, drainage area, and valley form) in adjacent watersheds ( Fig. 1 ; Table 1 ). Reach lengths varied from 130 m to 840 m and were selected according to consistent reach-scale geomorphology (Frissell et al. 1986) , as well as optimum length for stream nutrient spiraling and hydraulic experiments (Stream Solute Workshop 1990) .
The SMLD is composed primarily of granites and granodiorites with some metasedimentary rock. Most valley bottoms upstream from lakes are composed of mixed coarse-and fine-grained Pleistocene and Holocene sediments, and downstream from lakes are mostly moraines and glacial outwash (Kiilsgaard et al. 2003) . Five of the lakes we studied were formed by moraine dams, whereas the other two, Farley and Toxiway Lakes in the Yellowbelly Creek watershed, are paternoster lakes set in glacially scoured bedrock (Fig. 2) . The highest peaks in the Sawtooth Mountains are .3,000 m and the Salmon River at Stanley, Idaho is ,2,000 m. All study reaches occur between 2,050 m and 2,150 m elevation, have gravel to cobble beds, and have ,2% channel gradient, except the four higher elevation reaches that are steeper with bedrock or colluvial channels (Tables 1 and 2 ). The SMLD has a snow-dominated precipitation regime, averaging 90 cm with .60% as snow. Streamflow is dominated by spring snowmelt peakflows, and stable baseflow conditions are usually reached by early fall. Bankfull discharges (Q B ) for most third to sixth order streams of the SMLD have 1.5-2-yr recurrence intervals (Emmett 1975) . Most surface waters throughout the SMLD have low ionic strength, usually ,70 mS cm 21 electrical conductance, circaneutral pH, and low alkalinity and nutrient concentrations (Emmett 1975) . Periphyton production is typically co-limited by nitrogen and phosphorus (Marcarelli 2006 ).
Forests in the SMLD are dominated by lodgepole pine (Pinus contorta), and most riparian plant communities are composed of willows (Salix spp.), birch (Betula spp.), alder (Alnus incana), sedges (Carex spp.), and various grasses and herbs. Forest proximity to our study-reach channels averaged 26 m and ranged from 1 m to 150 m, varying more with elevation than landscape position relative to lakes (Arp et al. 2007 ). Most watersheds we studied have some alpine terrain with treeline near 2,800-m elevation. All watersheds we worked in are relatively pristine and are official or de facto wilderness with minor recreational land use and low atmospheric nitrogen deposition, ,100 kg km 22 yr 21 (NADP 2001).
Conservative tracer and nutrient uptake experiments-All tracer experiments were conducted in late July and early August of 2003 and 2004 during summer baseflow conditions at the mid-portion of sunny days. For inletoutlet pairs, nutrient injections were conducted simultaneously above and below the lake. The day before each experiment, we measured the reach length using a tape held along the channel thalweg and marked 8-10 sampling A is the relative storage zone area, a is the storage zone exchange coefficient, q Lin is groundwater influx, S w is the uptake length, and EF is the enrichment factor above background; bd is below analytical detection limits.
stations spaced longitudinally at geometric intervals starting 25-50 m below the injection station to ensure full tracer mixing. Just before nutrient injections, background water samples were collected at each station. Discharge was measured using an electronic velocity meter and wading rod at the reach top and bottom to use for hydraulic modeling of conservative tracers, calculating uptake parameters, and estimating lateral water inflow (q L-IN ) and outflow (q L-OUT ). We installed a continuously recording submersible fluorometer at the bottom of the reach to measure rhodamine WT (RWT). Nutrients (NO { 3 as NaNO 3 and PO {3 4 as K 2 PO 4 salts) and a water tracer (RWT) were mixed with stream water in a 20-liter plastic carboy and pumped into the stream at a constant rate with a metering pump. Although co-injection of nutrients can pose analytical problems, our plateau concentrations were targeted so as to not alter nitrogen : phosphorus (N : P) ratios or exceed saturating concentrations (Davis and Minshall 1999; Mulholland et al. 2002) . We conservatively targeted pump rates to elevate nutrient concentrations to 23 ambient, by estimating discharge and ambient NO { 3 and PO {3 4 concentrations from earlier samples. In practice, several injections were .53 ambient concentration; however, these differences in enrichment did not appear to correlate with uptake rates for either NO (Table 2) . We collected samples of stock solution and measured pump rates three times during the experiment to verify solute loads. RWT concentration was monitored at the end of the reach until a steady plateau was reached, typically at ,43 the nominal travel time. When plateau concentration was reached, we collected grab samples and measured RWT concentrations using a hand-held fluorometer at each station. Duplicate samples were collected for ,10% of stations.
An inverse modeling approach was used to fit the RWT breakthrough curve data using the one-dimensional transport with inflow and storage model with parameter estimation (Runkel 1998) . The primary hydraulic parameters of interest from these experiments were q L-IN , q L-OUT and storage-zone area (A S ), and exchange coefficient (a). We estimated q L-IN and q L-OUT by a combination of longitudinal dilution of RWT concentration at downstream stations as compared to discharge measurements at the reach head and tail.
Nutrient uptake parameters for NO { 3 and PO {3 4 were calculated from longitudinal decline in concentration downstream to estimate uptake length (S W ) after correcting for dilution by q L-IN and background concentrations:
where k w is the slope from the least-squares linear regression of downstream reach distance versus the natural-log of background-corrected nutrient concentrations (Stream Solute Workshop 1990) . Based on k w , uptake velocity (v f ) was calculated as
where u is mean stream velocity, and h is mean stream depth. The aerial uptake rate (U) was calculated as
where C 0 is the background nutrient concentration (some background concentrations for PO {3 4
were undetectable, so we used half the detection limit concentration) (Stream Solute Workshop 1990) .
Reach hydrogeomophic, source-water, and biological characterization-The channel form of each study reach was measured by topographic surveying of channel longitudinal profiles and cross-sections using a engineer's level, leveling rod, and plastic tape. Streambed pebble counts (n 5 100) were used to estimate reach sediment size distributions (i.e., D 50 is the median particle size).
Channel gradient (S) and bankfull depth (D B ) were measured from longitudinal plots of the channel bed, water surface, and floodplain (bankfull elevation) fit separately with a least-squares line, where D B is the average elevation distance between the bed and bank (Emmett 1975 ). Crosssection surveys were used to measure channel area (A B ) and hydraulic radius (R B ). Bed sediment mobility was predicted as the ratio of boundary shear stress (t o ) and critical shear stress (t cr ):
where t* is the critical dimensionless shear stress assumed to be 0.045 (Knighton 1998; Lorang and Hauer 2003) , g is gravity, r s is the particle density using 2,650 kg m 23 , and r f is the fluid density of water. Values of t o : t cr . 1 indicate that D 50 sediments are mobile at bankfull discharge (Q B ), whereas values of t o : t cr , 1 indicate that D 50 sediments are immobile at Q B . Site drainage areas and other hydrographic metrics were measured from 30-m digital elevation models (DEMs). Stream-water grab samples were collected and filtered (0.7-mm Whatman GF/F) into acid-washed 120-mL high density polyethylene (HDPE) bottles and kept at ambient stream temperature until transported to our field station and frozen (typically within 3-6 h, but always ,2 d). Unfiltered samples were also collected at a majority of the sites and frozen before processing for total nitrogen (TN) and total phosphorus (TP).
Dominant benthic biomass compartments were quantified by sampling standing stocks as ash-free dry mass (AFDM) per unit area. Epilithon was measured by collecting and scraping 3-5, D 50 -D 84 -sized sedimentparticles at five locations along each reach. The scraped slurry was measured volumetrically and collected on a 0.7-mm filter and frozen. Fine benthic organic matter (FBOM) was collected per unit area using a 20-cm-diameter stove pipe set into bed sediments at five locations along each reach. Sediments were agitated to 1-2-cm depth, and the slurry was collected, measured volumetrically, collected on a filter, and frozen. Epilithon and FBOM samples were air dried to a constant weight, and AFDM was measured by mass loss on ignition at 450uC for 4 h.
Analytical chemistry-Nitrate (NO { 3 -N) and phosphate (PO 4 -P) were measured using a DIONEX-500 ion chromatograph with concentrator and AS14 analytical and guard column set. Detection limits were ca. 0.5 mg L 21 for NO 3 -N and 2 mg L 21 PO 4 -P. Total dissolved nitrogen (TDN), total dissolved phosphorus (TDP), TN, and TP were measured using persulfate oxidation (Valderama 1981) followed by NO 3 -N and PO 4 -P quantification using second derivative spectroscopy for NO 3 -N (Crumpton et al. 1992) and colorimetry for PO 4 -P (Motomizu et al. 1983) . Detection limits were 15 mg L 21 and 51 mg L 21 for these measures. Dissolved organic carbon (DOC) was measured using wet persulfate oxidation on an OI 700 TOC analyzer with detection limit of 50 mg L 21 (Menzel and Vacarro 1964) .
Statistical analysis and modeling-Study reaches were placed into four categories by landscape position relative to lakes: lake inlets (n 5 7), lake outlets (n 5 6), .1-km below lakes (n 5 4), and reference reaches (n 5 8). All reach variables and nutrient uptake parameters were compared by landscape position using a one-way analysis of variance (ANOVA) and Tukey-Kramer test with significance at a 5 0.05. We also compared these reach variables and nutrient uptake parameters longitudinally downstream in three individual watersheds where we studied 5-6 sequential reaches. Relationships among reach variables and between reach variables and nutrient uptake parameters were evaluated using Pearson's correlation analysis with significance at a 5 0.05. To cast our results in a broader context, we also developed multiple linear regression models based on continuous landscape variables to estimate changes in v f downstream in watersheds with and without lakes, and with lakes of differing sizes and watershed positions. All variables were evaluated using residual plots to assess normality and equal variance and, if necessary, transformed, typically with natural-log or square-root transformations.
Results
Patterns in nutrient uptake-Uptake lengths (S w ) varied considerably for NO (Table 2 ). However uptake length (S w ) was unrelated to discharge for both S w -NO (Table 1) .
Nitrate uptake velocity showed strong differences among landscape positions (r 2 5 0.41, p , 0.01) with significantly higher mean rates of 2.8 mm min 21 (60.9 SE) at reference reaches and 3.1 mm min 21 (61.5 SE) at lake inlets as compared to 0.07 mm min 21 (60.07 SE) at lake outlets and 0.9 mm min 21 (60.5 SE) at reaches .1-km below lakes (Fig. 3A) . In fact, all but one lake-outlet reach had no detectable NO { 3 uptake, and this one, Pettit Lake Creek, was still very low: 0.4 mm min 21 . Patterns of the areal uptake rate (U) among landscape positions were similar to v f (r 2 5 0.43, p , 0.01) (Fig. 3B) .
Phosphate uptake velocity also showed strong differences among landscape positions (r 2 5 0.31, p 5 0.08), but nearly opposite patterns as observed for NO was highest at lake outlets, 7.0 mm min 21 (62.1 SE), and lowest at reference reaches, 2.2 mm min 21 (60.4 SE) (Fig. 3A) . At reaches .1-km downstream from lakes, the average v f -PO among landscape positions showed slightly greater mean differences (r 2 5 0.32, p 5 0.065) because of variation in PO 4 -P concentration among reaches, such that U was slightly more related to landscape position than v f (Fig. 3A,B) . These patterns in nutrient uptake among lake-associated landscape positions of stream reaches could be more closely observed longitudinally at the three individual watersheds where we did nutrient uptake experiments farther upstream and downstream from lakes (Fig. 2) . At Warm Springs Creek with one small lake (0.28 km 2 surface area), v f -NO { 3 declined slightly approaching the lake, whereas at the lake outlet v f -NO { 3 dropped to below detection limits. In contrast, v f -PO {3 4 increased to 3.0 mm min 21 and increased farther downstream to 7.7 mm min 21 (Fig. 4A) . At Stanley Lake Creek with a single larger lake (0.65 km 2 ), a similar pattern was observed with the exception of the lake inlet, which had no detectable NO { 3 or PO {3 4 uptake (Fig. 4B) . Yellowbelly Creek has three large lakes spaced across a 15-m distance that vary by ,400-m in elevation (Fig. 2) . In this watershed, our results showed a similar pattern at the first lake to that observed in the other watersheds with single lakes-no NO remained low at lake outlets, whereas the pattern for v f -NO { 3 of higher rates at inlets and very low rates at outlets still occurred at the lower lakes (Fig. 4C) .
Stream-reach characteristics by landscape position-A number of consistent and significant differences ( p , 0.05) were noted in hydrogeomorphic, source-water, and biological variables among landscape positions. Stream channels at lake outlets had significantly coarser sediment and were wider and shallower than lake-inlet and reference reaches (Fig. 5A) (Fig. 5B) ; although at one lake outlet reach, Warm Springs Creek, groundwater influx was very low, 0.02 L s 21 m 21 , during the injection experiment.
Source-waters for each reach landscape-position were best distinguished by DOC (r 2 5 0.68, p , 0.001) and temperature (r 2 5 0.75, p , 0.001) with higher values of both consistently occurring at lake outlets and below-lake reaches as compared to lake inlet and reference reaches (Fig. 5C,D) . Nitrate concentrations ranged from 1.7 mg N L 21 to 52 mg N L 21 , whereas PO {3 4 concentrations were ,4 mg L 21 (as P) in all reaches and often undetectable (Table 1) . TN, TP, TDN, and TDP also varied considerably among streams and watersheds, but no consistent patterns were noted with respect to landscape position associated with lakes (Table 1) . Although mean molar N : P ratios did not differ significantly among landscape positions, five of seven inlet reaches were more likely P limited (N : P . 16), and four of six outlets were more likely N limited (N : P , 16). Stream bed epilithon biomass was significantly lower at lake-inlets and reference reaches as compared to lake outlets, while FBOM standing stocks showed no clear patterns related to landscape position (Fig. 5E) .
Percent contributing area (%CA), the proportion of the watershed area not routing through a lake, was the best variable describing reach landscape-position relative to lakes (r 2 5 0.86, p , 0.001) (Fig. 5F) (Table 3) . Drainage area (DA) was similar among landscape positions (Fig. 5F ), ranging from 2 km 2 to 46 km 2 , but was significantly correlated to W : D (r 5 +0.53, p , 0.01), q L-IN (r 5 +0.58, p , 0.001), and temperature (r 5 +0.45, p , 0.05) ( Table 3) .
Relationships to nutrient uptake-Uptake velocity (v f ) of NO were not correlated among our study reaches (r 5 +0.14), and similarly, uptake rates (U) of these nutrient forms were not correlated (r 5 +0.11) ( Table 3) , indicating that these processes may have been controlled by independent factors. Neither NO was most strongly correlated with the source-water variables temperature (r 5 +0.52, p , 0.01) and DOC (r 5 +0.57, p , 0.01). These same source-water variables were also correlated to v f -NO { 3 , but in the opposite direction and to a lesser, yet still significant, degree (Table 3 ). The hydrogeomorphic variables t o : t cr and W : D were not significantly correlated with PO {3 4 uptake. The biological variable epilithon had a weak negative correlation to NO { 3 uptake and a weak positive correlation to PO {3 4 uptake ( Table 3) . Landscape-scale variables describing the position of stream reaches relative to lakes, specifically %CA, were shown to integrate relationships among many reach hydrogeomorphic and source-water variables (Table 3) and were also significantly correlated to nutrient uptake: v f -NO (Table 3) .
Because %CA was shown to be the best representation of landscape position (r 2 5 0.86, Fig. 5F ), we used this metric coupled with DA to predict changes in v f -NO by also adding %LA (v f -PO {3 4 5 2.56-0.08 3 DA 2 0.013 3 %CA 2 0.07 3 %LA; r 2 5 0.44, p , 0.01). We used these landscape-scale predictor models to estimate the extent to which lakes modify v f in two watersheds: (A) with a small headwater lake and (B) with a larger lake located farther downstream (Fig. 6) . In both watershed configurations, these models predicted that v f -PO in watershed A, resetting occurred by 50% within 3.8-km downstream and 75% within 10.5-km downstream (Fig. 6) . In watershed B, with a larger lake positioned lower in the watershed, 50% reset was not reached for v f for either nutrient within the limits of the empirical data used in developing these models-approximately 16 km of mainstem stream distance or an approximate 50 km 2 drainage area.
Discussion
Nutrient uptake in a mountain lake district-Streams in the SMLD varied widely in nutrient uptake parameters, and much of this variation was explained by landscape position relative to lakes. We observed large shifts in demand for NO in streams affected by lakes compared to those unimpacted by lakes, and these differences persisted well below lakes in mountain drainage networks. Overall, our results support the hypothesis that sharp and contrasting shifts in demand for NO { 3 and PO {3 4 measured below lakes and much farther downstream (.1 km) are controlled by a combination of stable benthic habitat and lake-derived source-waters and how these habitats and resources structure benthic biological communities and their nutrient requirements.
Our results were not consistent with predictions from ecological stoichiometry (Cross et al. 2005) in that, based on molar N : P ratios, lake outlets were more likely to be N limited, but exhibited little demand for NO { 3 whether measured as v f or U. Similarly, inlet reaches were more likely to be P limited, yet had moderate to high demand for both NO when measured as U. This suggests that water column stoichiometry alone may not be sufficient for understanding controls on nutrient uptake in streams.
Deviations from stoichiometric theory might indicate that dissimilatory pathways (e.g., denitrification and dissimilatory nitrate reduction to ammonia) are important for nitrate removal from the water column (Burgin and Hamilton 2007) . However, we note here that NO { 3 only represents a portion of inorganic N demand, and measurements from one lake outlet in the SMLD showed moderate uptake rates for NH z 4 (Koch 2005) . Nitrogen demand in outlets also may be met via other sources such as upwelling groundwater or mineralization of lake-derived organic matter (Valett et al. 1994) . Biofilm stoichiometry was not quantified in our study and certainly may be related to water column uptake given that benthic biofilms represent a consortium of homeostatic algae and non-homeostatic bacteria and fungi (Cross et al. 2005) .
Other studies have not directly addressed the role of lakes in modifying nutrient spiraling processes, but Hall et al. (2002) reported a v f -PO {3 4 of 11.2 mm min 21 at a lake outlet: the second highest rate measured from a set of 13 reaches during summer experiments. Hall and Tank (2003) reported a low v f -NO { 3 of 0.9 mm min 21 also at a lake outlet with the other 10 streams in this study averaging 2 mm min 21 . These results provide additional evidence that lakes may play a similar role in affecting stream NO processing in regions beyond our study area.
Toward a network approach to stream nutrient cyclingWhere a stream reach is positioned within the landscape, particularly in the mountains, provides much information about its current geomorphology and the processes that created and maintain it (Montgomery and Buffington 1997; Montgomery 1999) . That variation in nutrient uptake in our study was strongly related to landscape position relative to lakes and associated changes in continuous fluvial processes (i.e., water and sediment transport downstream), points to a need to study stream biogeochemistry in a network context. Recent efforts to scale nutrient uptake from reaches to networks assume constant v f (Wollheim et al. 2006 ). While such an approach represents a logical first step given published relationships between discharge and S w , our results showed that v f varies within mountain drainages, and this variation is best explained by proximity to lakes-a local hydrogeomorphic control (Arp et al. 2007) . Landscape features such as lake abundance, tributary junctions, and bedrock type likely strongly influence stream nutrient cycling such that generalized patterns related to stream size begin to fall apart in a network context. Considering where such local hydrologic and geologic controls occur in the landscape and how these locations create discontinuities to water and sediment transport and associated stream habitat and biological communities (e.g., dense persistent epilithic algae on stable bed sediments) may be an important step toward better predicting nutrient transport and retention in complex watersheds.
A network view suggests that the effect of lakes on streams is best considered in terms of disruptions to fluvial water and sediment flux downstream. At a lake outlet, all water delivered to a stream comes from the lake and all mineral sediment from higher in the watershed will be trapped in the lake, causing a dramatic change in benthic resources and habitat (Ward and Stanford 1983, Arp et al. 2007) . Our results showed a strong correlation between NO { 3 uptake and sediment size and mobility, suggesting the need to consider this potential mechanism further, particularly in separating the relative roles of channel form and hydraulics from sediment residence time to understand how these influence benthic communities and nutrient cycling.
Another fundamental aspect of lakes in drainage networks is water storage and how this water is modified physically, chemically, and biologically before export downstream. Depending on hydraulic residence time (i.e., lake volume : inflow), mixing dynamics, and productivity, the type of water flowing out of a lake may be transformed substantially compared to upstream source-waters (Hillbricht-Ilkowska 1999; Essington and Carpenter 2000; Kling et al. 2000) . The lake outlet water in our study reaches was notably different from other streams in the SMLD, having higher temperature and DOC during summer baseflow. Our results showed a strong correlation between PO {3 4 uptake and source-water characteristics, suggesting the potential importance of both temperature and dissolved and particulate organic matter in controlling P uptake. Yet, these source-water variables strongly co-varied, so we were unable to resolve their relative importance in this study.
Farther downstream from a lake, groundwater accrual, hillslope sediment-sources, and tributaries will add new water and sediment to the stream, both gradually and episodically resetting the system to more alluvial, groundwater-fed conditions as is characteristic of most lowgradient mountain streams. This downstream resetting can generally be quantified by increases in contributing area (the watershed area below a lake), which follows the SDC (Ward and Stanford 1983) , but considers the role of watershed contributions rather than just stream distance in resetting the ecosystem. Although, within any given watershed other local controls (i.e., PDC, Montgomery 1999), such as downstream sediment sources (e.g., tributaries and hillslope connections) and sinks (e.g., other lakes), should more exactly control how rapidly stream ecosystem processes become reset relative to above lake conditions (Arp et al. 2007 ).
Integrating water and sediment cycles with stream nutrient cycling-We contend that there is a strong interaction among the fluvial water, sediment, and nutrient cycles. Although this may seem obvious, we think this relationship has not been fully considered by many stream ecologists and aquatic biogeochemists. The relationship between the water and sediment cycles has been long understood and continues to be an important research topic (e.g., Gilbert 1880; Syvitski et al. 2005) . The relationship between the water and nutrient cycles has been progressively emerging during the last several decades (e.g., Bencala 1993; Doyle 2005) . However, the link between the fluvial sediment cycle and nutrient cycles has largely been ignored (but see Doyle et al. 2003 Doyle et al. , 2005 , even though sediments create the principle habitat for benthic microbial communities that remove, transform, and retain the majority of nutrients from the water column .
The transition from viewing streams as pipes to considering streams as complex ecosystems that function in nutrient transport, transformation, and retention has been a critical conceptual shift in riverine science and management (Bencala 1993; Bernhardt et al. 2003) . Drainage networks also transport, transform, and retain water and sediment, and these processes set the fundamental structure of streams and channels. Nutrient cycling is strongly coupled to these processes and structure. These processes work along a river continuum, but also are continually disrupted or modified by local controls, such as lakes. We believe that stream ecology could be advanced greatly by more careful consideration of these basic stream processes at landscape-scales that incorporate both continuous and local controls on stream ecosystems.
Our analysis of streams in a mountain lake district provides a somewhat extreme example of this important interaction among the fluvial water, sediment, and nutrient cycles because of the strong modifications to these fluxes downstream from lakes. Yet, lakes and other fluvial discontinuities are common features in many landscapes (Meybeck 1995; Winter 2001) , and presently the effects of dams and river regulation have fundamentally altered large proportions of many drainage networks worldwide (Graf 1999; Nilsson et al. 2005) . The prevalence of natural and artificial lakes in many landscapes suggests the need to include understanding of such fluvial discontinuities in concepts of the fluvial nutrient cycling and predictive models of nutrient transport in complex river networks.
